The effect of cooling rate and Ti additions on the mechanical properties and carbides characteristics such as morphology, size distribution and composition was studied in high-chromium cast irons containing Fe-17 mass%Cr-4 mass%C. Based on the size distribution, composition and morphology, M7C3 type carbides were roughly classified into "primary M7C3 carbides" and "eutectic M7C3 carbides" with a 11.2 μm border size. Thereafter, the change of the solidification structure and especially the refinement of carbides size were determined. It was found that both the size and number values should be summarized systematically for primary M7C3 carbides and eutectic M7C3 carbides, respectively. Also, TiC carbides with a high formation temperature can not only act as a nuclei of M7C3 carbides, but they also contain a Ti(C, N) core. In the as-cast condition, the bulk hardness of the cast irons increases with an increased Ti content. In addition, the wear loss increases with an increased Ti content. Neither the bulk hardness nor the wear loss did change too much with an increased cooling rate.
Introduction
High chromium cast irons (HCCIs) are considered as one of the most useful wear resistance materials and their usage are widely spread. The wear performance level of hypereutectic HCCIs is mainly controlled by a high volume fraction (30 to 60%) of M7C3 type carbides (1 200-1 600 HV 1) ). In addition, they contain larger "primary M7C3 carbides" and smaller "eutectic M7C3 carbides". These carbides will precipitate during the cooling and solidification and will influence the final material properties. Therefore, many investigations have been executed with the aim of refining the solidification structure and improving the properties of hypereutectic HCCIs. Here, additions of alloy elements have been used to form the NaCl type carbides, such as Ti, Nb, V etc. [2] [3] [4] [5] [6] [7] [8] [9] For Ti additions, it was reported that the NaCl type carbide such as TiC carbide can act as heterogeneous nuclei for the precipitation of M7C3 type carbides during the cooling and solidification of the melt. [2] [3] [4] This, in turn, results in significant refinements of the final carbides size. Moreover, the size, volume fraction and distribution of these carbides will also affect the final properties of the hypereutectic HCCIs significantly.
At present, a few reports discuss how the carbide size distribution influences their final solidification structure and properties. However, they show only the effects of the average diameter and volume fraction of the total amount of carbides on the material properties. [2] [3] [4] [5] 7) In addition, they have not classified the M7C3 type carbides into "primary carbides" and "eutectic carbides". Nor have these studies presented information on their border size.
In the current study, the effect of the cooling rate and Ti additions on the microstructure and mechanical properties of the hypereutectic HCCIs, with a main composition of Fe-17 mass%.Cr-4 mass%.C, is investigated in the as-cast condition. Here, the cooling rates were controlled using three kinds of molds: sand, graphite and metal. From the view point of the size distribution, composition and morphology, the M7C3 type carbides are roughly classified into "primary M7C3 carbides" and "eutectic M7C3 carbides". Moreover, their effect on the solidification structure and properties of the hypereutectic HCCIs is discussed. In addition, the effect of the NaCl type carbide such as TiC carbide on the microstructure and material properties is also discussed.
Experimental

Procedure
Based on the requirements during actual production, melts were prepared in a laboratory furnace. High-carbon ferrochromium (Fe-8 mass%C-60 mass%Cr), ferro-molybdenum (Fe-0.05 mass%C-58.4 mass%Mo), pure iron, pig iron (Fe-3.8 mass%C-0.34 mass%Mn-1.8 mass%Si), ferro-titanium (Fe-30 mass%Ti), ferro-manganese (Fe-75.9 mass%Mn), © 2012 ISIJ and pure nickel were melted in a 8 kg capacity graphite crucible. This was done using a medium frequency induction furnace (45 Kw, 7 kHz) and using an air atmosphere.
The alloy compositions are shown in Table 1 . Pure iron, pig iron and high carbon ferro-chromium were first melted. Then, ferro-manganese and ferro-molybdenum were added. At last, pure nickel and ferro-titanium were added into this mother alloy. The holding time over the TiC precipitation temperature was controlled as 3 min±1 min, in order to prevent the agglomeration of TiC carbides precipitation. Finally, the molten hypereutectic HCCIs were poured into the mold at 1 450±10°C. The following three mold types were used: sand mold (silica sand), graphite mold, metal mold (ASTM: 1045). The schematic diagram of melting process is shown in Figs. 1(a) , 1(b) and 1(c).
The dimension of the ingot is 120 mm L×84 mm W×55 mm H. A schematic view of the ingot and the thermocouple (Type-B) position is shown in Fig. 2 . In addition, the cooling curves obtained from the three different molds are shown in Fig. 3 . From this information the following different cooling rates were obtained: 25°C/min, 80°C/min and 110°C/min within 10% errors for the sand mold, graphite mold and metal mold, respectively.
Observation of Microstructure and Carbides
The ingot samples were cut at a position close to the thermocouple measurement position, as shown in Fig. 2 . Thereafter, the samples were polished and etched by using a solution of 5 g FeCl3+10 ml HCl+100 ml ethanol. (1) where n(i) is the counted number of carbides for each selected step (i) of size distribution. Moreover, Sobs is total area which was observed on the photographs, which were taken by LOM (Sobs=0.3152 mm 2 ) and SEM (Sobs=0.0314 mm 2 ), respectively. The size of carbides, d, and the volume fraction of carbides were calculated as the equivalent diameter of a circle by using an image analyzer, which is a commercial software, WinROOF.
Measurement of Hardness and Wear Loss
The mechanical properties: bulk hardness and wear loss of the hypereutectic HCCIs was investigated in the as-cast condition. The bulk hardness was measured by using a Rockwell type hardness tester, HR-150A with the Rockwell C scale (HRC). Overall, eight measurements were done for each sample.
The wear resistance was evaluated by using a single platform rotary abraser (model: ML-100 type, Zhangjiakou Taihua Machine Factory). The wear tests were performed at a platform speed of 60 rpm under a load of 100 N. The size of the wear test samples was 4.1 mm(φ)×10 mm (H). The tests were performed on a 80 mesh Al2O3 abrasive paper at room temperature. The total sliding distance and the testing time of the samples on the abrasive paper were 9 m and 25 s, respectively. The mass loss of the specimens due to abrasion was calculated by measuring the weight of the specimens before and after tests with a 0.001 mg accuracy. Three measurements were carried out per sample. 
Theoretical Works
In this study, the phase diagram and volume fraction of carbides in HCCIs were calculated by the PE and Scheil models, which are based on the ideas of Chen and Sundman. 10, 11) They are performed in the Thermo-Calc/TQ interface 12) by a coupling of thermodynamic equilibrium calculations with the alloy database TCFE6.
13)
Results and Discussion
The precipitation possibilities of carbides in the hypereutectic HCCIs before and during solidification can be estimated for the sample composition given in Table 1 . This can be done by thermodynamic equilibrium calculations by using the Thermo-Calc program. (Fig. 4(c) ) and experiment results ( Fig. 3 ) in sand, graphite and metal molds was done for the hypereutectic HCCIs with a 1.5 mass% Ti addition. From this comparison, it was found that in all three mold types, the actual precipitation temperatures of primary M7C3 carbides were not clear during these trials. However, it was seen that the actual precipitation temperatures of austenite (γ) were a little bit lower than the equilibrium temperature 1 258°C. The actual precipitation temperature of austenite (γ) is clear in the sand mold.
It was also found that the solidification was initiated with a formation of primary M7C3 carbides, which began to precipitate at 1 337°C, Thereafter, the eutectic reaction L → γ +M7C3 took place during the cooling from 1 256°C to 1 215°C. This is valid for the case without Ti additions, as illustrated in Fig. 4(a) . On the other hand, in the case with a Ti addition, the precipitation sequence is changed as shown in Figs. 4(b), 4(c) and 4(d). In the case with a 1.5 mass% Ti addition, FCC_A1#2 (corresponds to the NaCl type carbides such as TiC carbide) first precipitates at 1 549°C. Then, the primary M7C3 carbides precipitate at 1 317°C. Finally, the eutectic reaction L → γ +M7C3 occur from 1 258°C. Moreover, the precipitation temperature of the TiC carbide increases from 1 459°C to 1 734°C with an increased Ti content from 0.75 mass% to 3.0 mass%.
Effect of Cooling Rate on Solidification Structure
Effect of cooling rates, which were examined in the three kinds of mold, on the microstructure evolution is discussed in this section. In Figs. 5(a) and 5(b), micrographs and binary images of the hypereutectic HCCIs under different cooling rates for the cases without Ti additions and with 1.5 mass% Ti additions are shown. The microstructure consists of primary M7C3 carbides with a large hexagonal columnar structure, eutectic M7C3 carbides with an irregular shape, TiC carbides with a cubic structure and a matrix containing mainly of an austenite phase (γ). It is apparent from the photographs in Fig. 5 (a) that in the case without Ti addition, the size of primary M7C3 carbides decreases as the cooling rate increase. It is also apparent from the comparison between Figs. 5(a) and 5(b) that the size of M7C3 carbides in the case of a 1.5 mass% Ti addition is significantly smaller than that in the case without a Ti addition. This is due to a precipitation of TiC carbides. The size determination of M7C3 carbides were measured for different cooling rates using an image analyzer (WinROOF) both for the cases without a Ti addition and with a 1.5 mass% Ti addition. In Figs. 6(a) and 6(b), the size distributions are plotted using a logarithmic scale. The value of size d(j), for the j-th step, Δ(j), of a log-normal distribution can be determined as follows: carbides show a log-normal distribution for the cases in Fig.  6 (a) without a Ti addition and in Fig. 6 (b) with a 1.5 mass% Ti addition, respectively.
As shown in Fig. 6(a) If the cooling rate is increased, the nucleation probability of primary M7C3 carbides increases due to the increase of the precipitation undercooling degree. Under low cooling rates, the primary M7C3 carbides grow larger and coarser, because the growth time becomes longer. Therefore, with the increase of the cooling rate the size of primary M7C3 carbides will decrease and they will be distributed relatively uniformly. In addition, the number of primary M7C3 carbides will increase at high nucleation rates.
From the above discussion, it was found that the size of primary M7C3 carbides of the hypereutectic HCCIs can be refined both by Ti additions and by increasing the cooling rate. In addition, the number of eutectic M7C3 carbides increase, and consequently the eutectic structure is refined by an increased cooling rate in both cases without a Ti addition and with a Ti addition. Figure 7 shows the micrographs and binary images of the solidification structure for different Ti additions obtained by light optical microscopy at ×10 magnifications. Here, the As shown in Fig. 8 , the size distributions of M7C3 carbides also resemble a log-normal distribution. It can be seen that the maximum size of the primary M7C3 carbides decreases from 151.9 to 27.0 μm with an increased Ti addition in the graphite mold. However, the size and number of eutectic M7C3 do not change too a large degree (from 2.00×10 3 mm -2 to 2.84×10 3 mm -2
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) with an increased Ti content. The reason for this will be explained in section 3.2.3.
Classification of M7C3 Carbides
In this study, it is suggested that the M7C3 type carbides in the HCCIs can be classified into primary M7C3 carbides and eutectic M7C3 carbides depending on the time of precipitation. The primary carbides precipitate in the melt before solidification (that is during cooling of the melt until the solidification temperature is reached). The eutectic M7C3 carbides precipitate during the eutectic reaction. The precipitation possibility of M7C3 carbides before and during solidification is estimated for the sample composition given in Table 1 . This was done based on thermodynamic equilibrium calculations by using Thermo-Calc. The volume fraction of precipitated primary M7C3 carbides, eutectic M7C3 carbides and TiC carbides are plotted against the temperature in Fig. 9 . It can be seen that the precipitation temperature of primary M7C3 carbides decreases with an increased Ti content. However, the precipitation temperature of TiC carbides increases slightly with an increased Ti content. Regarding eutectic M7C3 carbides (see △ mark), experiment data are 5% lower than calculation curve. This might be due to the difficulty of deciding the threshold from the gray images of the optical microscope photos. Moreover, the experimental results are close to the Partial Equilibrium (PE) calculations. The difference between the experiment results and the calculation results is lower than 5%. This can be explained by that the carbon back diffusion is taken into consideration in the PE calculation. Therefore, the results will be closer to reality. It is also found that the C content has a large influence on the total volume fraction of M7C3 carbides. More specifically, the total volume fraction increases with an increased C content, as shown in Fig. 10 .
In addition, Fig. 10 shows that the total volume fraction of M7C3 carbides decreases as the Ti content increases; the volume fraction of primary M7C3 carbides decreases with an increased Ti content. However, the volume fraction of eutectic M7C3 carbides increases with an increased Ti content. The contents of Fe, Cr, Ti, Mo, Mn in primary M7C3 carbides and eutectic M7C3 carbides are plotted against the carbide sizes in Fig. 11 for the sand, graphite and metal molds for a 1.5 mass% Ti addition. As a general characteristic, it is shown that the content of Cr and Ti increases with an increased M7C3 carbide size, d. However, the content of Fe and Mo decreases with an increased M7C3 carbide size; Moreover, the content of Mn does not change with an increased M7C3 carbide size for the sand, graphite and metal molds. It is concluded that the primary M7C3 carbides are dominant at higher Cr contents, and that the eutectic M7C3 carbides have a lower Cr contents.
Based on the analysis of size distribution and composition, the M7C3 carbides were roughly classified into primary M7C3 carbides, which in general have size larger than 11.2 μm. Moreover, into eutectic M7C3 carbides which in general have a size smaller than 11.2 μm.
Detail Analysis for Ti Carbides
From the phase diagrams and the carbide precipitation temperature of carbide of the hypereutectic HCCIs with different Ti addition are shown in Figs. 4 and 9 respectively. It can be seen that TiC carbides with a NaCl type structure will precipitate at high temperatures in the melt. The formation temperature of TiC carbides is close to 1 740°C, when the Ti content is 3.0 mass%. TiC carbides are the first precipitated phase and they play an important role in refining and reinforcing the microstructure of the hypereutectic HCCIs. This is due to that they can act as heterogeneous nuclei in the M7C3 carbides [2] [3] [4] formations. In addition, it was also found that the holding time of the melt is very important for the TiC carbide formation in order to refine the solidification structure. This is due to the high formation temperature of TiC carbides. The effect of the holding time on the microstructure of the hypereutectic HCCIs during heating and holding at high temperature will be considered in the future. In this study, the holding time over the TiC precipitation temperature was controlled as 3 min±1 min, in order to prevent the scattering of TiC carbides precipitation and agglomeration.
The back scattered electron (BSE) observations for TiC carbides are shown in Fig. 12 . It is confirmed that the TiC carbides can act as a nuclei of M7C3 carbides. More specifically, they are mostly located inside or at the boundary of M7C3 carbides, as shown in Fig. 12 . Moreover, TiC carbides starts to grow and agglomerate when the Ti content is 1.5 mass%, as shown in Fig. 12(b) . It is also apparent from the photographs in Fig. 12 (c) that larger and coarser clusters of TiC carbides exist.
The size distributions of TiC carbides of the hypereutectic HCCIs with different Ti addition under three kinds of mold were measured by using an image analyzer, WinROOF program. These data are shown in Figs. 13 and 14 using a logarithmic scale. The range value Δ of size of the log-normal distribution is calculated by Eq. (2). The value of Δ between -1.05 to 2.1 and the value of d are between 0.11 to 107.51 μm.
The size distribution of TiC carbides in the graphite mold with different Ti addition is shown in Fig. 13 . These carbides generally have a size less than 10 μm. Moreover, it can be seen that both the size and number of TiC carbides increase with an increased Ti addition. Also, Fig. 14 shows the size distribution of TiC carbides with a 1.5 mass% Ti addition in sand mold, graphite mold and metal mold. The average size of TiC carbides with a 1.5 mass% Ti addition does not change practically with an increased cooling rate. Also, the number of TiC carbides does not change due to the increased cooling rate. Consequently, it is clear that the precipitation of TiC carbides was not seemingly affected by the cooling rate. Thus, it is confirmed that the cooling rate will not affect the precipitation behavior of TiC carbides.
The back scattered electron micrograph results at a high magnification (×2 500) of the hypereutectic HCCIs with 1.5 mass% Ti addition is shown in Fig. 15 . It was found that However the chemical composition of the black points A and C shows that Ti, C and N are dominant, and that the TiC carbides should be Ti(C, N). Meanwhile, it can be seen from the TiC carbides size distribution that two peaks exist, as shown in Fig. 14 . Based on the EDX results, it seems that the left peak corresponds to Ti(C, N) and the right peak corresponds to (Ti, Mo)C, as shown in Fig. 16 . It can be seen that the number of Ti(C, N) and (Ti, Mo)C are the same. However, the size of (Ti, Mo)C is larger than the size of Ti (C, N). Therefore, it may be deduced from the EDX results that Ti(C, N) can act as nuclei for (Ti, Mo)C.
Calculation results and experiment results of the volume fractions of M 7 C 3 carbides and TiC carbides are shown in Fig. 17 . It can be seen that the volume fraction of M 7 C 3 carbides decreases with an increased cooling rate. The condition in the low cooling rate seems to be more close to the condition in the equilibrium state. However, the 5-10 vol. % of M7C3 carbides did not fully precipitate in the high cooling rate condition. Moreover, the volume fraction of M7C3 carbides decreases with a Ti addition due to the C reaction by Ti. Furthermore, the volume fraction of Ti carbides increases with increased Ti additions in the graphite mold. However, the volume fraction of TiC carbides does not change although the cooling rate changed.
If the experiment results are compared to the calculation results, it can be seen that the tendency is the same, and that the experimental results are more close to the PE calculation results. The agreement between experiment and calculation results within 5% is encouraging. This is due to that the PE calculation considers the carbon back diffusion and consequently the results will be closer to reality.
Effect of Cooling Rate and Ti Addition on the Mechanical Properties in As-cast Condition of the Hypereutectic HCCIs
The bulk hardness of the hypereutectic HCCIs is determined by the hardness of carbides, such as TiC and M7C3 14) and the matrix. The matrix of the hypereutectic HCCIs will obviously not change by a Ti addition. This is due to that it will mainly exist as a single austenite phase (γ-phase) together with small amounts of martensite (α-phase) under as-cast conditions. Therefore, the bulk hardness of the hypereutectic HCCIs is mainly affected by the volume fraction of carbides.
The effect of cooling rate and Ti addition on the mechanical properties of the hypereutectic HCCIs will be discussed, but only for as-cast conditions. Figure 18 shows the bulk hardness of the hypereutectic HCCIs with different Ti additions for different cooling rates. The tendency is that the bulk hardness increases a slightly with increased titanium contents. As shown in Fig. 17 , when Ti is added, the volume fraction of TiC carbides increase and the volume fraction of M7C3 carbides decrease. TiC carbides might make a bigger contribution to the bulk hardness than M7C3 carbides, because the hardness of TiC carbides is in the range of 2 000-3 200 HV.
1) However, the bulk hardness of the hypereutectic HCCIs in the graphite mold shows a big scatter because the TiC carbides are not uniformly distributed.
The wear loss of the hypereutectic HCCIs is determined by the amount of matrix and M7C3 carbides, although the hardness of TiC carbides is larger than that of the M7C3 carbides and the matrix. However, the presence of a small amount of TiC carbides will not contribute to the wear loss.
It can be seen that there is a tendency of an increased wear loss with an increased Ti content in the graphite mold experiments. This is due to the decrease of the volume fraction of M7C3 carbides. It seems that the austenite phase (γ-phase) which surrounds the agglomerated TiC might be easily peeled off during the wear process. This is leads to an increased Ti content. In summary, the hardness and wear loss of the hypereutectic HCCIs do not change significantly with increased Ti contents and cooling rates under as-cast conditions. 
Conclusions
The effect of cooling rate and Ti addition on the solidification microstructure and final properties in the hypereutectic HCCIs with the main composition of Fe-17 mass%Cr-4 mass%C was studied. Based on the examination of the size distribution, composition and morphology, the M7C3 carbides were roughly classified into "primary M7C3 carbides" and "eutectic M7C3 carbides" with a 11.2 μm border size. The obtained results may be summarized as follows:
(1) With an increased cooling rate, the maximum size of primary M7C3 carbides decreased from 151.9 to 53.9 μm and the number of eutectic M7C3 carbides increased from 0.81×10 3 mm -2 to 4.80×10 3 mm -2 . Moreover, the volume fraction of M7C3 carbides decreased with an increased cooling rate. So, a low cooling rate is more close to the equilibrium state.
(2) With an increased Ti content, the maximum size of the primary M7C3 carbides decreased from151.9 to 27.0 μm in the graphite mold due to the precipitation of TiC during cooling and solidification of the melt. However, the size and number of eutectic M7C3 carbides did hardly change (from 2.00×10 3 mm -2 to 2.84×10 3 mm -2 ). In addition, the total volume fraction of M7C3 carbides decreased with an increased Ti content due to a reaction between C and Ti.
(3) TiC carbides with high formation temperatures can not only act as nuclei of M7C3 carbides, but they also contain a core, Ti(C, N). The size and number of TiC carbides both increase with an increased Ti addition. It was also found that TiC carbides precipitation was not obviously affected by the cooling rate.
(4) The bulk hardness increased with a slight increase of a Ti addition, due to TiC carbide precipitation. However, the results were scatted. The wear loss increased as the amount of Ti increases in the graphite mold. This is due to that the volume fraction of M7C3 carbides decreased.
